Organometal-halide perovskites (OMHPs) with their unprecedented rate of increasing power conversion efficiency (PCE) 1 have transformed photovoltaic (PV) research and development.
These materials, especially methylammonium lead iodide (MAPbI 3 ), are promising candidates for next-generation low cost-to-power PV technologies. [2] [3] [4] [5] [6] [7] [8] [9] Besides the solar cell application, the OMHP architecture, consisting of ABX 3 (organic monovalent cation, A; divalent metal, B; inorganic or organic anion, X), could serve as a promising platform for the design and optimization of materials with desired functionalities. By substituting ABX 3 atomic constituents, it is feasible to controllably tune the structural, electronic, optical, and magnetic properties of functional materials.
Piezoelectrics (materials that can convert between electrical and mechanical energy) is a class of technological important materials with a variety of applications, ranging from waveguide devices, ultrasound transducers and fuel injectors to accelerometers and gyroscopes. 10, 11 The permanent dipole provided by the organic molecule in OMHPs is suggested to give rise to spontaneous polarization, which may play an important role in the photovoltaic working mechanism. [12] [13] [14] Switchable polar domains in β -MAPbI 3 have been observed via piezoresponse force microscopy (PFM). 15 Though the robustness of the room-temperature ferroelectricity in MAPbI 3 is still under debate, [16] [17] [18] [19] the piezoelectric response of MAPbI 3 has been demonstrated experimentally via PFM. 19 In particular, a five-fold increase of piezoelectric coefficient under illumination was observed. 19 Furthermore, the piezoelectric coefficient of MAPbI 3 under light (≈25 pm/V) is comparable to inorganic ferroelectric thin films, such as lead zirconate titanate (PZT) thin films. 20 The optically-tunable high piezoelectric response in MAPbI 3 suggests potential applications of OMHPs for optical piezoelectric transducers and light-driven electromechanical transistors.
In this work, we investigate the piezoelectric properties of OMHPs with density functional theory (DFT). The interplay between the A-site molecular ordering and the macroscopic piezoelectric response is explored by quantifying the polarization-strain (P-η) and polarizationstress (P-σ ) relationships in two model structures with designed molecular orientations. We further study the effect of atomic substitution with different organic molecules at the A site
, metal cations at the B site (Pb 2+ , Sn 2+ , Ge 2+ ), and halide anions at the X site (I − , Cl − ). Our calculations show that the competition between the A-X hydrogen bond and the B-X metal-halide bond in OMHPs gives rise to a range of piezoelectric properties.
The strong dependence of piezoelectric coefficients on the molecular ordering suggests that the light-enhanced piezoelectricity is likely due to the light-induced molecular reorientation under external voltage. This work demonstrates that the OMHP architecture could serve as a promising platform for designing functional piezoelectrics with robust optical tunability.
All calculations are performed with a plane-wave implementation of the Perdew-BurkeErnzerhof (PBE) density functional 21 in the QUANTUM-ESPRESSO code. 22 The optimized norm-conserving pseudopotentials 23, 24 are generated using the OPIUM 25 code with the following electronic states included as valence states: Pb: 5d, 6s, 6p; I: 4d, 5s, 5p; C: 2s, 2p; N: 2s, 2p; H: 1s. A 4×4×4 Monkhorst-Pack grid is used, consistent with our previous work. 13, 26 The effect of molecular orientation on piezoelectricity is explored by calculating the piezoelectric coefficients of two model structures, namely M1 with non-zero total polarization and M2 with net-zero polarization, shown in Figure 1 . The M1 structure has an isotropic orientation of the MA cations in the ab-plane, and an anisotropic orientation with respect to the c-axis, giving rise to a net polarization along the c-axis. The molecular dipoles in the M2 structure adopt an antiferroelectric ordering and the structure is globally (nearly) paraelectric.
First-principles techniques to determine piezoelectric coefficients have been widely applied to inorganic materials. [27] [28] [29] [30] As piezoelectricity is a fundamental process incorporating different electromechanical effects, multiple piezoelectric equations exist. 11, 30, 31 The direct piezoelectric effect that links the induced polarization that develops in direction i (∆P i ) with an applied stress with component j (σ j in Voigt notation) can be described by
where {d i j } is a third-rank tensor and each d i j parameter is usually referred to as a direct piezoelectric coefficient or piezoelectric strain coefficient, in units of pC/N. Another piezoelectric equation connecting the strain η and the polarization is given by:
where the e i j parameter is called the piezoelectric stress coefficient in the unit of C/m 2 . It is noted that the e i j and d i j parameters are related to each other via elastic compliances and/or stiffness, though d i j is easier to measure experimentally. In this study, we focus on the eval- A previous first-principles benchmark study highlighted the importance of dispersive interactions and the plane-wave cutoff energy (E c ) in accurately determining structural properties of OMHPs. 33 Because the value of piezoelectric coefficient depends sensitively on the lattice constants, we first compare the optimized structural parameters of MAPbI 3 obtained with four different methods: pure PBE density functional with E c = 50 Ry, PBE with E c = 80 Ry, PBE plus Grimme dispersion correction 34 (PBE-D2) with E c = 50 Ry, and PBE-D2 with E c = 80 Ry.
As shown in Table 1 , the value of unit cell volume predicted by PBE-D2 with E c = 80 Ry best agrees with the experimental results. Therefore, we choose this method for the following piezoelectric coefficient calculations. under white light (25 pm/V) and dark (6 pm/V), respectively. It is suggested that illumination could weaken the hydrogen bond between the MA cation and the inorganic Pb-I scaffold, thus effectively reducing the rotational barrier of the MA cation. 35 This allows the formation of a more polar structure with aligned MA cations in the presence of an electric field, which could arise from the photovoltage across the thin film. Therefore, the light-enhanced piezoelectric response is likely due to the transformation of a configuration with less-ordered molecular orientation (e.g., M2-like) to a configuration with more-ordered molecular orientation (e.g.,
M1-like).
To reveal the origin of piezoelectricity, we decompose the total polarization into the con- We further explore the effect of chemical substitution on the piezoelectric properties of OMHPs. As demonstrated with CF 3 NH 3 PbI 3 , replacing the MA + with a more polar molecular cation greatly increases both the polarization and the piezoelectric response. The larger molecular dipoles not only contribute directly to the polarization, but also increase the hydrogen bonding strength between NH 3 and I, which indirectly weakens the bonding between I and Pb. This is supported by the larger Pb displacement (≈ 0.30 Å) at zero stress condition compared to that of ≈ 0.09 Å in MAPbI 3 . In other words, the Pb atoms in CF 3 NH 3 PbI 3 have a softer potential energy surface and therefore a stronger response to external perturbation, resulting in higher piezoelectricity.
Here, we discuss other possible mechanism for the light-enhanced piezoelectricity in more detail. It is suggested that the light illumination, by weakening the hydrogen bond between the MA cation and the inorganic PbI 3 sublattice, could make the molecular cations easier to rotate and to align with external field. This is supported by DFT calculations which reveal a reduced binding energy of the MA cation to the inorganic cage at the triplet state. 35 Additionally, as the band gap of MAPbI 3 is in the visible light region, a significant amount of above band gap of excitation occurs with the excess energy dissipating as heat (kinetic energy of molecules)
when the hot carriers relax to the band edges. We have recently shown that the molecules play an important role in carrier relaxation, with MA translation, CH/NH twisting, and CH/NH stretching modes assisting the process. 36 We thus develop a simple analytical model here to examine the magnitude of light-induced thermalization in a MAPbI 3 thin film. Shown in Figure   5a is the absorption spectrum α(E) computed from the DFT optical dielectric function. The dielectric function is summed over the Brillouin zone and enough empty bands to converge.
Assuming that all the energy released from hot carrier relaxation is transformed into kinetic energy (κ) of molecules, the average thermal energy received by each molecule at depth D per second can be estimated as:
where I 0 (E) is the sunlight spectrum, ∆d is the thickness of a single layer of molecules (equal to the lattice constant of MAPbI 3 , 0.63 nm), A is the number of molecules per unit area, and E g is the band gap of 1.65 eV calculated from DFT. As plotted in Figure 5b 
